This paper describes the two-step method used to analyse the factors and aspects influencing human error during the maintenance of mining machines. The first step is the cause-effect analysis, supported by brainstorming, where five factors and 21 aspects are identified. During the second step, the group fuzzy analytic hierarchy process is used to rank the identified factors and aspects. A case study is done on mining companies in Serbia. The key aspects are ranked according to an analysis that included experts who assess risks in mining companies (a maintenance engineer, a technologist, an ergonomist, a psychologist, and an organisational scientist). Failure to follow technical maintenance instructions, poor organisation of the training process, inadequate diagnostic equipment, and a lack of understanding of the work process are identified as the most important causes of human error.
INTRODUCTION
Every human-made product has a limited working life. Therefore, maintenance activities are important to achieve the necessary reliability of human-made products and complex production systems. The complexity of maintenance in modern mining systems is based on the combination and use of various resources and the characteristics of the dynamic environment in which they exist. Maintenance is usually categorised into preventive, corrective, and predictive types [1] . Maintenance extends the working life of machines, thus improving the cost efficiency of the system. The inspection and evaluation of machines' failure frequency can help to avoid large accidents [2, 3] .
Due to the complexity of the production system, the organisation of the maintenance in coal mines is very important. Efficient maintenance can significantly increase efficiency, effectiveness, and the useful life of machines. The importance of maintenance in complex systems is emphasised by many authors [1, 4, 5] . In their work, Dhillon and Liu [1] classified human error into six categories: operating errors, assembly errors, design errors, inspection errors, installation errors, and maintenance errors.
Maintenance errors occur due to inadequate, incorrect, or infrequent actions of maintenance personnel. Cause-effect analysis of human error with the highest risk degree during the performance of mining machines' maintenance operations enables the division of the main causes (cause of the first level) into less significant causes [6] . Furthermore, this analysis enables the visual presentation of revealed causes and an overview of their inter-connection.
Human factors during maintenance are important to consider because they relate to improved work performance and to the improved health, safety, and well-being of the workforce and the community [5] . Fewer accidents cause less stress and increase motivation for work.
When analysing human error, different factors and aspects have been identified: psychology and perception [7, 8] , training programmes [9] [10] [11] , reliability analysis of the equipment [4] , safety rules and regulations [12] , organisation of maintenance [13] , working conditions [14, 15] , working hours [16] , and mining-machine maintainability [17] . Special programmes devoted to the safety and technical training of mining plant workers can also be useful for achieving higher levels of safety and for reducing errors during coal-mine work activities [18] . During the analysis, existing plant equipment, supplies, materials, and facilities, as well as plant talents and expertise, must be taken into consideration. This paper describes the structure of the causes of human error in the maintenance of coal-mining machines in the Kosovo Obilic Company. A multi-criteria decision analysis method, based on the fuzzy analytic hierarchy process (AHP) [19] , is applied in order to rank and determine the significance of key causes of maintenance errors.
METHOD
The method for identifying errors during the maintenance of coal-mining machines consists of two steps. The first step is conducting a cause-effect analysis, which should be supported by brainstorming. During the brainstorming session, experts define the factors (the causes of the first level) and aspects (the causes of the second level) affecting the existence of human error during maintenance operations. These causes are represented graphically by the Ishikawa diagram. The second step is the application of the group fuzzy AHP method to determine the significance of the identified key causes of human error.
Analysis of human error during the maintenance of mining machines using cause-effect diagrams
The cause-effect diagram, or fishbone diagram, is a simple technique for presenting and analysing causes and consequences; based on the principle of simple causality, this diagram helps to determine the causes of the problem [20] . The cause-effect diagram is a method of analysis that can help to establish which effects result from certain causes [6] . The causes are usually identified, based on the basic dimensions in production (the 8 'M's): manpower, methods, machines, materials, measurements, milieu, management, and maintenance. The general presentation of this method, which will be used in the subject analysis of the problem of mining machines maintenance in this paper, is shown in Figure 1 . The cause-effect diagram will be used in this paper to detect and systematise factors (causes) that affect the performance results during the mining machines' maintenance operation; i.e., sources that cause the maintenance problem. The main goal of this qualitative analysis is to identify the preventive measures on the basis of which corrective action could be undertaken to eliminate the problems of mining-machine maintenance, after their detection [6] . In that way, the cause-effect diagram is an effective tool to identify the corrective and preventive measures that need to be performed. It should be a mandatory procedure within the integrated management system in the organisation.
In this study, the causes of human error were initially analysed using a team that carried out a brainstorming process. The team acts in accordance with all the recommendations for brainstorming, as set out by the organisation [21, 22] . The main recommendations are concerned with team composition, the working mode of the team, and the role of the team leader. The team generates ideas about the causes of the maintenance problem that need to be resolved. The general cause-effect diagram includes the categories of possible causes of some undesirable consequences of the maintenance process [6] . In this study, the analysis revealed the factors (causes) affecting the undesirable result or consequence: human error with the highest degree of risk when performing mining-machine maintenance operations.
Papic et al. [6] identified five main causes of undesirable events: lack of training, inappropriate information, lack of experience, carelessness, and neglect of danger ( Figure 2 ). The analyses performed for this study have shown which types and causes of human error have the highest degree of risk during the performance of the corresponding maintenance operations of various mining machines, such as the bucket wheel excavator, landfill machine, dumping machine, self-transporter bandwagon, and the dragline dredge. These results are shown in Table 1 below and represented in Figure 2 above.
Since five main factors (causes of human error of the first level) are revealed in the subject analysis, as shown in Table 2 , they are examined in more detail for the first-level causes; this leads to the investigation of causes of human error of the second and higher levels, as shown in Kovacevic [23] .
In the chapter of Papic et al. [6] , each assumption about the influential factors or causes affecting the analysed human factors problems in mining machine maintenance was presented in a particular location on the cause-effect diagram. That location was proposed by the author of the idea, and the decisions were made by the majority of the team members during the brainstorming process.
In our study, the team members discussed each cause-effect diagram after its completion, together and with the specialists who were not the team members, but employees of the open mine pits in the Kosovo Obilic Company. The employees provided questions and proposals that were discussed afterwards. In this way, and based on the literature review [1, 5, 7, 9, 10, 24] , we identified the key causes of human error ( Table 2) . 
Determining the significance of the causes of human error during the maintenance of mining machines using fuzzy AHP method
The results of the first step of the analysis of the causes of human error in coal mine machine maintenance are the factors (the causes of the first level) and the key aspects (the causes of the second level). The ranking of the key aspects is based on the group fuzzy AHP.
The fuzzy AHP method presents the problem in a hierarchical form, with the top level in the hierarchy presenting the goal, intermediate levels presenting the corresponding factors, and the lowest levels presenting the aspects or indicators.
The pairs of elements at each level are compared for their relative influence on the elements at the hierarchical level above. Fuzzification and the pairwise comparison are implemented by the application of triangular fuzzy numbers. Triangular fuzzy numbers are described by the continuous linear membership function μ(x), and used during the pairwise comparison of the alternatives [25] . A fuzzy number is denoted as
, l and u are the lower and the upper value of the support of M respectively, and m is the mean value [19] .
The scale used during the comparison is shown in Table 3 . A fuzzy distance δ=2 is used for odd values, and δ=1 for even values. 
The final weights are derived through the aggregation of the weights at two consecutive levels, where factors are compared with respect to the goal, and the aspects are compared with respect to each of the factors. The elements of the fuzzy aggregate pair-wise comparison matrix are calculated as the geometric mean of individual grades of experts. Let A (k) =(aij (k) )n x n be the fuzzy judgement matrix of the k-th expert, where aij>0, aij=1/aji, aii=1, and n is the number of criteria or indicators to be compared.
The individual weights are calculated by means of the row geometric mean method (RGMM), which is defined by Crawford and Williams [26] . The aggregated fuzzy judgement matrix for the criteria and aspects is calculated based on the individual fuzzy judgement matrices:
where A (k) is the judgement matrix of the k-th decision-maker, and m is the number of decisionmakers. Based on the elements of fuzzy aggregated matrix, the fuzzy weight is calculated as follows:
where j=1,…,n, and n is the number of different criteria or alternatives that are compared in pairs.
Crisp weights are obtained from fuzzy weight by calculation of the mean value:
The final ranking of alternatives is based on the mean aggregated weight (MAW):
where j=1,…,n, and n is the number of weights of the criteria or aspects compared in pairs. In order to assess the consistency of the obtained results, the centric consistency index (CCI) is used [19] : 
The comparison is sufficiently consistent when CCI<0.35 for n=4, and CCI<0.37 for n>4 [27] .
RESULTS
For ranking the potential causes of human error during the maintenance of mining machines, the hierarchy shown in Figure 3 is used:
Figure 3: Hierarchical scheme for ranking the key causes of human error during mining machine maintenance
The hierarchy has three levels. The goal is to rank the causes of human error during the maintenance of mining machines. The level below defines the five main factors: lack of training, inadequate information, lack of experience, carelessness, and neglect of danger. The third level defines the key aspects. The factors and the key aspects, as well as their symbols, are presented in Table 2 . The list contains 21 aspects, classified according to five factors.
The following experts took part in a group decision-making process based on fuzzy AHP: a maintenance engineer, a technologist, an ergonomist, a psychologist, and an organisational scientist. They all had equal influence over the final decision. The individual fuzzy judgement matrices of the experts are presented in Table 4 . Based on these results, the aggregated fuzzy judgement matrix is obtained ( Table 5 ). The matrix is consistent because CCI<0.35. The mean aggregated weight (MAW) for the criteria is obtained. According to the results presented in Table 5 , the experts identified the operators' 'neglect of danger' (e) and 'lack of training' (a) as the major causes of errors during the maintenance of mining machines.
The same procedure is applied in the comparison of aspects. The comparison of aspects with respect to the lack of training is presented in Table 6 . The aggregated fuzzy judgement matrix, based on the comparison of aspects in relation to the lack of training (criterion a), is presented in Table 7 . As the most important aspects in this group, experts selected the poor training curricula (criterion a1) and poor organisation of the training process (criterion a4). The aggregated fuzzy judgement matrices, based on the comparison of aspects in relation to the other criteria, are presented in Tables 8-11 . The final results are presented in Table 12 . Inadequate diagnostic equipment is the most important in relation to 'inadequate information received', as it connects the emergency situations and the operators' ability to identify the potential cause of an accident. In relation to 'lack of experience', the insufficient years of service are identified as the most important. Personal characteristics and poor working conditions are identified as the most important aspects in relation to 'inattention', while lack of understanding of the work process, poor organisation of the workplace, and the failure to follow technical maintenance instructions are the most important aspects in relation to the 'neglect of danger' criterion.
Based on the results of the group fuzzy AHP analysis presented here, we can conclude the following: human error in the case study during the maintenance of mining machines was primarily caused by ignoring the hazards (factor e), and lack of training (factor a). The factors 'inadequate information' (factor b), 'lack of experience' (factor c), and 'inattention' (factor d) were much less important (Table 5) .
In relation to 'lack of training', poor organisation of the training (aspect a4) and poor training curricula (aspect a1) were dominant ( Table 7) . The 'inadequate diagnostic equipment' aspect (b3) was dominant in relation to the 'inadequate information' criterion ( Table 8 ). The 'insufficient years of service' aspect (c2) was dominant in relation to the 'lack of experience' criterion (Table 9) . 'Personal characteristics' (d4) were dominant in relation to the 'inattention' factor. In relation to the 'neglect of danger' factor, 'failure to follow technical maintenance instructions' (e2), 'poor organisation of the workplace' (e1), and 'lack of understanding of the work process' (e3) were dominant (Table 10 ). Regarding the final aspect priorities, the following were the most important: failure to follow technical maintenance instructions; poor organisation of the training process; poor training curricula; insufficient years of service; inadequate diagnostic equipment; personal characteristics; poor organisation of the workplace; and lack of understanding of the work process.
The aspects are used to identify the key indicators of maintenance efficiency. Based on them, the set of 70 indicators is defined [23] . These indicators are used for further description of the maintenance improvement strategy.
CONCLUSION
Factors and aspects describing specific effects and results of mining machine maintenance are important for identifying potential causes of human error during maintenance. The results of the analysis of the key aspects are the foundation for efficient decision-making during the maintenance of mining machines.
The two-phase method presented here is used to identify the key aspects that can cause human error during maintenance. The procedure for ranking the key aspects is based on the group fuzzy AHP method. The consistency check proved that the individual assessments are consistent. During the additional session, the experts analysed the obtained results and accepted them.
The most important aspects are related to work instructions and organisation, individual training and characteristics, work experience, and available equipment. According to the results of the analysis, efficient maintenance can be achieved by more efficient organisation of the maintenance procedures, better monitoring of equipment, and improved instructions on the maintenance of mining machines and working procedures. Continuous monitoring of the indicators describing these aspects can improve maintenance in a complex coal mine system, and increase the efficiency of its production.
